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)Abstract ± ,Q WKH VDIHFULWLFDO DSSOLFDWLRQV VXFK DV
HOHFWULFK\EULGHOHFWULFYHKLFOHVUHOLDELOLW\RIWKHPDFKLQHGULYH
V\VWHP LV YLWDO $PRQJ WKH YDULRXV PDFKLQH IDXOW W\SHV WKH
XQFRQWUROOHGJHQHUDWRUIDXOW8&*)DWKLJKVSHHGLVRQHRIWKH
PRVW VHULRXV IDXOWV WKDW FRXOG GDPDJH WKH PDFKLQH GULYH
V\VWHP,QWKLVSDSHUWKHIDXOWSURWHFWLRQFDSDELOLW\RIDQRYHO
K\EULGH[FLWHGGRXEO\VDOLHQWV\QFKURQRXVPDFKLQHLVH[DPLQHG
WR LOOXVWUDWH LWV JUHDW FDSDELOLW\ WR SUHYHQW WKH GDQJHURXV
RYHUYROWDJHLVVXHIURPWKH8&*)30IOX[RIWKHQRYHOK\EULG
H[FLWHGGRXEO\VDOLHQWV\QFKURQRXVPDFKLQHLVLQKHUHQWO\VKRUW
FLUFXLWHG ZKHQ WKH ILHOG H[FLWDWLRQ FXUUHQW LV QRW IHG LQWR WKH
H[FLWDWLRQ ZLQGLQJV 7KHUHIRUH ZKHQ WKH 8&*) LV GHWHFWHG LQ
WKH KLJK VSHHG UHJLRQ WKH '&OLQN RYHUYROWDJH LVVXH FDQ EH
HIIHFWLYHO\ UHGXFHG E\ IRUFLQJ WKH ILHOG H[FLWDWLRQ FXUUHQW WR
]HUR6LQFHRQO\WKHILHOGH[FLWDWLRQFXUUHQWLVXWLOL]HGWRSURWHFW
WKH PDFKLQH DQG SRZHU LQYHUWHU IURP WKH 8&*) LW LV HDV\ WR
LPSOHPHQW DQG WKH FRQFHSW RI SURSRVHG FRQWURO VWUDWHJ\ FDQ
DOVR EH DSSOLHG WR RWKHU K\EULGH[FLWHG PDFKLQHV )LQDOO\ WKH
SURSRVHG FRQWURO VWUDWHJ\ LV YHULILHG E\ ERWK VLPXODWLRQ DQG
H[SHULPHQWDO UHVXOWV RQ WKH K\EULGH[FLWHG GRXEO\ VDOLHQW
V\QFKURQRXVPDFKLQH

Index Terms )DXOW SURWHFWLRQ ILHOG H[FLWDWLRQ FXUUHQW
K\EULG H[FLWDWLRQ SHUPDQHQW PDJQHW PDFKLQH XQFRQWUROOHG
JHQHUDWRUIDXOW8&*)
, ,1752'8&7,21
/(&75,&$/ PDFKLQHV DQG GULYHV SOD\ D YLWDO UROH LQ
DSSOLFDWLRQV RI HOHFWULF K\EULG HOHFWULF DQG IXHO FHOO
YHKLFOHV7KH UHTXLUHPHQWVRIDQHOHFWULFDOPDFKLQH IRU
WUDFWLRQ DSSOLFDWLRQV LQFOXGH KLJK WRUTXHSRZHU GHQVLW\
KLJK WRUTXH IRU VWDUWLQJ ORZ VSHHG DQG KLOO FOLPELQJ KLJK
SRZHU IRUKLJKVSHHGFUXLVLQJZLGHRSHUDWLQJ VSHHG UDQJH
DQG KLJK HIILFLHQF\ RYHU ZLGH VSHHG DQG WRUTXH UDQJHV
SDUWLFXODUO\DWORZWRUTXHRSHUDWLRQ 
3HUPDQHQW PDJQHW 30 PDFKLQHV ZKLFK H[KLELW WKH
DGYDQWDJHV RI KLJK WRUTXHSRZHU GHQVLW\ KLJK HIILFLHQF\
DQG ZLGH RSHUDWLQJ VSHHG UDQJH >@>@ DUH QRZ ZLGHO\
HPSOR\HG E\ HOHFWULFK\EULG HOHFWULF YHKLFOH (9+(9
PDQXIDFWXUHUV HJ 7R\RWD 1LVVDQ %0: DQG HYHQ 7HVOD
HWF)RU30PDFKLQHVKLJKVSHHGRSHUDWLRQDERYH WKHEDVH
VSHHG LV UHDOL]HG E\ XWLOL]LQJ IOX[ ZHDNHQLQJ FRQWURO WR
VXSSUHVVWKHEDFN(0)SURGXFHGE\30V 
6LQFH (9V+(9V DUH WKH VDIHFULWLFDO DSSOLFDWLRQV WKH
UHOLDELOLW\ RI WKH PDFKLQH GULYH V\VWHP KDV EHFRPH DQ
LQFUHDVLQJO\LPSRUWDQWLVVXH>@>@0DQ\SDSHUVKDYHEHHQ
SUHVHQWHG UHODWHG WR WKH IDXOW LPSDFWV GHWHFWLRQV DQG IDXOW

)= 4 =KX 1DWWDSRQJ 3RWKL 3HLOLQ ;X DQG <XDQ 5HQ DUH ZLWK WKH
'HSDUWPHQW RI (OHFWURQLF DQG (OHFWULFDO HQJLQHHULQJ 7KH 8QLYHUVLW\ RI
6KHIILHOG 8. HPDLO ]T]KX#VKHIILHOGDFXN [XSHLOLQQXDD#JPDLOFRP
\UHQ#VKHIILHOGDFXN1DWWDSRQJ3RWKLLVQRZZLWK6FKRRORI(QJLQHHULQJ
8QLYHUVLW\RI3KD\DR3KD\DR7KDLODQGHPDLOQDWWDSRQJSR#XSDFWK
WROHUDQFHVIRUWKHPDFKLQHV>@>@
$PRQJWKHYDULRXVPDFKLQHIDXOW W\SHV WKHXQFRQWUROOHG
JHQHUDWRUIDXOW8&*)DWKLJKVSHHGLQD30PDFKLQH>@
>@LVRQHRIWKHPRVWVHULRXVIDXOWV WKDWFRXOGGDPDJHWKH
PDFKLQH DQG SRZHU LQYHUWHU ZKLFK ZLOO EH SDUWLFXODUO\
GLVFXVVHG LQ WKLV SDSHU 7KH 8&*) LV HPHUJHG ZKHQ WKH
IOX[ZHDNHQLQJ FRQWURO LV XQH[SHFWHGO\ GLVDSSHDUHG ZKLFK
XVXDOO\ KDSSHQV ZKHQ WKH VZLWFKLQJ VLJQDOV DUH VXGGHQO\
UHPRYHGRUWKHHQFRGHULVGDPDJHG>@>@,WZRXOGEHD
VHULRXVSUREOHPLIWKHPDFKLQHRSHUDWHVDWKLJKVSHHGVLQFH
WKH EDFN(0) LQ HDFK SKDVH ZLQGLQJ ZKLFK LV XVXDOO\
VHYHUDO WLPHV KLJKHU WKDQ WKH UDWHG VXSSO\ YROWDJH ZLOO
LPPHGLDWHO\ EHFRPH D YROWDJH VRXUFH WR GHOLYHU WKH
UHJHQHUDWHG HQHUJ\ WR FKDUJH WKH '&OLQN FDSDFLWRU 7KLV
KLJKHU YROWDJH LQ WKH '&OLQN PLJKW H[SORGH WKH FDSDFLWRU
LQYHUWHUVZLWFKHVDQGHYHQGHPDJQHWLVHWKH30V>@>@
$OWKRXJK WKH 8&*) KDV EHHQ SUHVHQWHG LQ >@>@ WKHVH
UHVHDUFKHV IRFXVPRVWO\RQ WKHRSWLPL]DWLRQRI WKHPDFKLQH
SDUDPHWHUVVXFKDVWKHVDOLHQF\UDWLR30SHUXQLWIOX[DQG
URWRUPRPHQWRILQHUWLD
2Q WKH RWKHU KDQG WKH K\EULGH[FLWHG GRXEO\ VDOLHQW
V\QFKURQRXV PDFKLQH +('660 ZKLFK FRQVLVWV RI WZR
H[FLWDWLRQ VRXUFHV LH SHUPDQHQW PDJQHWV 30V DQG '&
ILHOGZLQGLQJV)LJ FKDVEHHQ LQWURGXFHG LQ >@>@
6XFKK\EULGH[FLWHGPDFKLQHVKDYHWKHSRWHQWLDOWRLPSURYH
WKH PDFKLQH IOX[HQKDQFLQJ DQG IOX[ZHDNHQLQJ
FKDUDFWHULVWLFVGXHWRWKHLUDGMXVWDEOHIOX[OLQNDJHFDSDELOLW\
$KLJKWRUTXHDWORZVSHHGDQGDZLGHRSHUDWLQJVSHHGUDQJH
FDQWKXVEHSURYLGHG>@,QDGGLWLRQGXHWRWKHIDFWWKDWDOO
WKH30VDQGZLQGLQJVLHILHOGDQGDUPDWXUHZLQGLQJVDUH
ORFDWHG RQ WKH VWDWRU LW KDV UREXVW URWRU VWUXFWXUH DQG
H[FHOOHQW FRROLQJ FDSDELOLW\ 0RUHRYHU +('660 FDQ
VLJQLILFDQWO\DOOHYLDWH WKH LVVXHRIRYHUYROWDJH LQ WKH8&*)
ZKHQDQDSSURSULDWHILHOGH[FLWDWLRQFXUUHQWFRQWUROVWUDWHJ\
LVXWLOL]HG8QGHUWKH8&*)FRQGLWLRQWKHIOX[OLQNDJHDQG
(0) FRXOG EH UHGXFHG ZKHQ WKH ILHOG H[FLWDWLRQ FXUUHQW LV
FRQWUROOHGWRZDUGV]HURRUVLPSO\UHPRYHWKHILHOGH[FLWDWLRQ
FLUFXLWLISRVVLEOH
,Q VXPPDU\ LQ D FRQYHQWLRQDO ZRXQGILHOG
V\QFKURQRXV PDFKLQH LW LV UHODWLYHO\ HDVLHU WR UHGXFH RU
UHPRYHWKHILHOGH[FLWDWLRQLQRUGHUWRDYRLGKLJKEDFNHPI
GXULQJ KLJK VSHHG IDXOWV ,Q D 30 PDFKLQH LW LV XVXDOO\
YHU\ FKDOOHQJH WR SURWHFW WKH GF OLQN IURP XQFRQWUROOHG
JHQHUDWRURSHUDWLRQGXHWRIOX[ZHDNHQLQJDWKLJKVSHHG
(YHQ LQ K\EULG H[FLWHG PDFKLQHV LW UHPDLQV D GLIILFXOW
FRQWUROWDVNLILWLVQRWSURSHUO\FRQVLGHUHGDWWKHPDFKLQH
GHVLJQ VWDJH DV D UHVXOW RI IOX[ ZHDNHQLQJ RSHUDWLRQ DW
KLJK VSHHG ZKLFK LV RIWHQ DFKLHYHG E\ FRQWUROOLQJ ERWK
8QFRQWUROOHG*HQHUDWRU)DXOW3URWHFWLRQRI1RYHO
+\EULGH[FLWHG'RXEO\6DOLHQW6\QFKURQRXV
0DFKLQHVZLWK)LHOG([FLWDWLRQ&XUUHQW&RQWURO
=4=KX13RWKL3/;XDQG<5HQ
(
DUPDWXUHGD[LVFXUUHQWDQGILHOGH[FLWDWLRQIRUKLJKVSHHG
RSHUDWLRQ ,Q WKLV FDVH WKH EDFNHPI GXULQJ KLJK VSHHG
IDXOWV FRXOG EH VWLOO WRR KLJK HYHQ LI WKH ILHOG H[FLWDWLRQ LV
UHPRYHG ,Q WKLV SDSHU LW LV SURSRVHG WKDW WRJHWKHU ZLWK
WKHQRYHOPDFKLQH PDJQHWLF FLUFXLW GHVLJQ LW LV SRVVLEOH
WRVLPSO\HPSOR\ WKH WHFKQLTXHRI UHPRYLQJRU UHGXFLQJ
WKH ILHOG H[FLWDWLRQ WR SURWHFW WKH GF OLQN WR DYRLG KLJK
EDFNHPIGXULQJKLJKVSHHGIDXOWV
7KH IDXOW SURWHFWLRQ FDSDELOLW\ RI WKH +('660 ZLOO EH
H[DPLQHGDQGLWVGHVLJQIHDWXUHVZLOOEHILUVWO\GHVFULEHGLQ
WKLVSDSHU5HPRYLQJWKHILHOGH[FLWDWLRQFLUFXLWZKHQ8&*)
KDSSHQVUHTXLUHDGGLWLRQDOKDUGZDUHFLUFXLWDQGWKHUHIRUHLQ
WKLVSDSHUWKHSURSHUILHOGH[FLWDWLRQFXUUHQWFRQWUROVWUDWHJ\
RIWKHK\EULGH[FLWHGGRXEO\VDOLHQWV\QFKURQRXVPDFKLQHLV
SURSRVHG WR HIIHFWLYHO\ UHGXFH WKH GDQJHURXV RYHUYROWDJH
IURPWKH8&*)7KHSURSRVHGFRQWUROVWUDWHJ\LVYHULILHGE\
ERWK VLPXODWLRQ DQG H[SHULPHQWDO UHVXOWV RQ D SURWRW\SH
K\EULGH[FLWHGGRXEO\VDOLHQWV\QFKURQRXVPDFKLQH
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)LJ&URVVVHFWLRQRIGLIIHUHQW30PDFKLQHWRSRORJLHVD&RQYHQWLRQDO
,30PDFKLQHV>@E+\EULGH[FLWHGVZLWFKHGIOX[30PDFKLQHV>@F
3URSRVHGIDXOWWROHUDQW+('660>@
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A. Machine Topology and Operating Principle 
$V PHQWLRQHG DERYH SHUPDQHQW PDJQHW 30
V\QFKURQRXV PDFKLQHV DV VKRZQ LQ )LJ D KDYH EHHQ
ZLGHO\ XVHG IRU (9+(9 DSSOLFDWLRQV +RZHYHU VLQFH WKH
PDJQHWVDUHORFDWHGRQWKHURWRUWKH30VPD\EHVXEMHFWHG
WR KLJK PHFKDQLFDO VWUHVV DW KLJK VSHHG DQG PD\ DOVR EH
GLIILFXOW WR FRRO +HQFH VZLWFKHGIOX[ 30 PDFKLQHV ZKLFK
KDYHWKH30VDQGWKHDUPDWXUHZLQGLQJVSODFHGLQWKHVWDWRU
KDYHEHHQGHYHORSHG>@$VDUHVXOWDUREXVWURWRUVWUXFWXUH
VXLWDEOH IRUKLJK VSHHG DSSOLFDWLRQV FDQEHREWDLQHGZKLOVW
WKHWHPSHUDWXUHULVHFDQEHPRUHFRQYHQLHQWO\PDQDJHG7R
IXUWKHU HQKDQFH WKH IOX[OLQNDJH DGMXVWDEOH FDSDELOLW\ WKH
K\EULGH[FLWHG VZLWFKHGIOX[ SHUPDQHQW PDJQHW PDFKLQHV
ZKLFKKDYHWZRH[FLWDWLRQVRXUFHVLHWKH30DQGWKHILHOG
H[FLWDWLRQDUHSURSRVHGDVVKRZQLQ)LJE 
7KH WKUHHSKDVHVWDWRU VORWURWRUSROH+('660 LV
VKRZQLQ)LJF>@ZKHUHWKH30VDUHSODFHGEHWZHHQ
WKHFRQWLJXRXVVORWRSHQLQJVRI WKHVWDWRU WHHWK(DFKSKDVH
ZLQGLQJFRQVLVWVRI IRXUDUPDWXUHFRLOVFRQQHFWHG LQ VHULHV
7KH WZHOYH'&FRLOV DUH DOVRFRQQHFWHG LQ VHULHV WR IRUPD
VLQJOHZLQGLQJ7KHSDUDPHWHUVRIWKHSURWRW\SHPDFKLQHDUH
OLVWHG LQ 7DEOH , 6LQFH WKH EDFN(0) RI WKH SURWRW\SH
PDFKLQH LV QHDUO\ ]HUR ZKHQ WKH ILHOG H[FLWDWLRQ FXUUHQW LV
QRWHPSOR\HGif WKLVPDFKLQHH[KLELWVDIDXOWSURWHFWLRQ
FDSDELOLW\EDVHGRQWKHFRQWURORIILHOGH[FLWDWLRQFXUUHQW 
7KH VLPSOLILHG PRGHO VKRZLQJ WKH 30 DQG FXUUHQW IOX[
SDWKVDQGWKHIOX[OLQHGLVWULEXWLRQRI+('660ZLWKRXWZLWK
ILHOG H[FLWDWLRQ DUH VKRZQ LQ)LJ  ,W LV FOHDU WKDW ZLWKRXW
ILHOG H[FLWDWLRQ 30 IOX[ LV VKRUWFLUFXLWHG LQ VWDWRU DOPRVW
ZLWKRXW OLQNLQJ ZLWK URWRU )LJ D ZKLOH ZLWK ILHOG
H[FLWDWLRQPRUH30IOX[SDVVHVWKURXJKWKHURWRUDVVKRZQ
LQ )LJ E ,W VKRXOG EH QRWHG WKDW WKH K\EULG H[FLWHG
VZLWFKHG IOX[ 30 PDFKLQHV VKRZQ LQ )LJE DOVR KDV
VLPLODUFKDUDFWHULVWLFV7KXVWKHWHFKQLTXHVWREHGHYHORSHG
LQ WKLV SDSHU ZLOO EH HTXDOO\ DSSOLFDEOH WR WKLV W\SH RI
PDFKLQHVDQG LQGHHG WKHSULQFLSOHGHYHORSHG LV DSSOLFDEOH
WRDOPRVWDQ\W\SHRIK\EULGH[FLWHG30PDFKLQHV
D E
)LJ  6LPSOLILHG PRGHO VKRZLQJ WKH 30 DQG FXUUHQW IOX[ SDWKV DQG IOX[
OLQH GLVWULEXWLRQV >@ >@ D :LWKRXW ILHOG H[FLWDWLRQ E :LWK ILHOG
H[FLWDWLRQ 
B. Flux Regulation Capability and Back-EMF 
7KHSKDVHIOX[OLQNDJHVDQGEDFN(0)VDJDLQVWWKHURWRU
SRVLWLRQ RI WKH SURWRW\SH PDFKLQH DW YDULRXV VSHFLILF ILHOG
H[FLWDWLRQFXUUHQWVDQGDWUSPDUHVKRZQLQ)LJDDQG
E UHVSHFWLYHO\ ,W FDQ EH REVHUYHG WKDW WKH DPSOLWXGH RI
SKDVHIOX[OLQNDJHFDQEHHQKDQFHGZLWKWKHLQFUHDVHRIWKH
ILHOGH[FLWDWLRQFXUUHQW,WFDQEHVHHQIURP)LJDQG)LJ
WKDWWKHKLJKHUILHOGH[FLWDWLRQFXUUHQWWKHODUJHUSKDVHIOX[
OLQNDJH DQG EDFN(0) FDQ EH REVHUYHG XQWLO WKH ILHOG LV
RYHUH[FLWHGLHWKHIOX[SURGXFHGE\WKHILHOGH[FLWDWLRQLV
KLJKHUWKDQWKDWRIWKH30:KHQWKHILHOGH[FLWDWLRQFXUUHQW
LV ]HUR if   WKH DPSOLWXGH RI SKDVH IOX[OLQNDJH LV RQO\
DSSUR[LPDWHO\  P:E ZKLOH WKH EDFN(0) LV DOPRVW
]HUR 

7$%/(, 
0$&+,1(3$5$0(7(562)352727<3(+('660
3HUPDQHQWPDJQHWIOX[ P:E
1XPEHURIHTXLYDOHQWSROHSDLUV 
3DFNLQJIDFWRU 
5DWHG'&OLQNYROWDJH 9
5DWHGWRUTXH 1P
5DWHGVSHHG USP
3HDNDUPDWXUHFXUUHQW $
)LHOGH[FLWDWLRQFXUUHQW $
1XPEHURIWXUQVSHUSKDVHRIDUPDWXUHZLQGLQJ 
1XPEHURIWXUQVRIILHOGZLQGLQJ 
$UPDWXUHZLQGLQJUHVLVWDQFH 
)LHOGZLQGLQJUHVLVWDQFH 
d-D[LVDQGq-D[LVLQGXFWDQFHV P+
6HOILQGXFWDQFHRIILHOGZLQGLQJ P+

,W VKRXOG EH QRWHG WKDW ZKHQ WKH ZRUVHVFHQDULRV DULVH
VXFKDVLQYHUWHUVKRUWFLUFXLWDWKLJKVSHHGWKHEDFN(0)RI
WKH+('660FDQEHVLJQLILFDQWO\GLPLQLVKHGE\DGRSWLQJif
 7KXVWKHSRWHQWLDOGDPDJHVRIWKHPDFKLQHDQGLQYHUWHU
FDQ EH SUHYHQWHG $V D UHVXOW WKH +('660V H[KLELW
VLJQLILFDQWDGYDQWDJHVLQWHUPVRIIDXOWSURWHFWLRQFDSDELOLW\
FRPSDUHGWRWKHFRQYHQWLRQDO30PDFKLQHV
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WKH VSHFLILFYDOXHVRI ILHOGH[FLWDWLRQFXUUHQW LQSKDVH$ D)OX[OLQNDJH
E%DFN(0)
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)LJ)OX[OLQNDJHDPSOLWXGHZLWKILHOGH[FLWDWLRQFXUUHQW
C. Mathematical Model 
7KHVLPSOLILHGd-D[LVDQGq-D[LVYROWDJHVRIWKH+('660
H[SUHVVHGLQWKHV\QFKURQRXVUHIHUHQFHIUDPHDUHJLYHQDV
fd
d s d d mf q q
didi
v R i L L L i
dt dt
Z     
 qq s q q pm d d mf fdiv R i L L i L idt Z \      
6LQFH WKH IOX[OLQNDJHVDUHJLYHQDV\d \pmLdidLmfif 
DQG\q LqiqWKHWRUTXHTeFDQEHJLYHQE\
   e pm mf f q d q d qT P L i i L L i i\ª º   ¬ ¼  
ZKHUH id iq DUH WKH d-D[LV DQG q-D[LV FXUUHQWV if vf DUH WKH
ILHOGFXUUHQWDQGYROWDJHRsLVWKHDUPDWXUHUHVLVWDQFHLmf, Rf
DUHWKHPXWXDOLQGXFWDQFHDQGUHVLVWDQFHRIILHOGZLQGLQJLd
LqDUHWKHd-D[LVDQGq-D[LVLQGXFWDQFHV\d\q\pmDUHWKH
d-D[LVDQG q-D[LVIOX[OLQNDJHVDQGSHUPDQHQWPDJQHWIOX[
OLQNDJHDQGZLVWKHHOHFWULFDOURWRUVSHHG
,,, )$8/73527(&7,2123(5$7,21
A. Uncontrolled Generator Fault 
:KHQ WKH IOX[ZHDNHQLQJ FRQWURO LV XQH[SHFWHGO\
GLVDSSHDUHG WKH (0) LQ HDFK SKDVH ZRXOG LQVWDQWDQHRXVO\
EHFRPH D ODUJH YROWDJH VRXUFH ZKLFK GHOLYHUV WKH
UHJHQHUDWHG FXUUHQW iregen EDFN WR WKH '&OLQN WKURXJK WKH
IUHHZKHHOLQJ GLRGHV RI WKH LQYHUWHU VZLWFKHV DV VKRZQ LQ
)LJ7KLVIDXOWKDVEHHQGHILQHGDVXQFRQWUROOHGJHQHUDWRU
IDXOW 8&*) SUHVHQWHG LQ >@>@ ZKLFK LV XVXDOO\
HPHUJHG IURP WKH UHPRYDO RI VZLWFKLQJ VLJQDOV RI LQYHUWHU
VZLWFKHV DQG WKH GDPDJH RI WKH SURFHVVLQJ XQLW RU SRVLWLRQ
HQFRGHU,IWKH'&OLQNFDSDFLWRUFDQQRWDEVRUEWKHDEUXSWO\
UHJHQHUDWLYH HQHUJ\ WKH H[SORVLRQ RI ERWK FDSDFLWRU DQG
LQYHUWHUVZLWFKHVPLJKWEHXQSUHGLFWDEO\HPHUJHGDVFDXVHG
E\WKHGDQJHURXVRYHUYROWDJH
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)LJ8QFRQWUROOHGJHQHUDWRUIDXOWDOOJDWHVLJQDOVDUHUHPRYHG
:KHQ WKH 8&*) LV GHWHFWHG WKH (0) LQ HDFK SKDVH
ZRXOG LQVWDQWDQHRXVO\ EHFRPH D ODUJH YROWDJH VRXUFH
7KHUHIRUH WKH VZLWFK 6 LV VLPXOWDQHRXVO\ FRQWUROOHG WR
SURWHFWWKHPDLQGFSRZHUVXSSO\Vs7KH'&OLQNYROWDJH
Vdc LV PHDVXUHG EHWZHHQ DQRGH DQG FDWKRGH WHUPLQDOV RI
WKH FDSDFLWRU DV VKRZQ LQ )LJ  ,W LV QRWHG WKDW VLQFH WKH
RWKHURYHUYROWDJHSURWHFWLRQVVXFKDVWKHEUDNLQJUHVLVWDQFH
LVQRWFRQVLGHUHGLQWKLVFLUFXLWWKHLPSDFWRIWKH8&*)FDQ
EH HYDOXDWHG FRQVLGHULQJ RQO\ WKH UHJHQHUDWLYH HQHUJ\ WKDW
SURGXFHGE\WKHPDFKLQH
B. Fault Protection Control Strategy 
$V DIRUHPHQWLRQHG DERYH WKH +('660 KDV WKH IHDWXUH
RIIOX[UHJXODWLRQFDSDELOLW\E\DGMXVWLQJWKHILHOGH[FLWDWLRQ
ZLQGLQJ 7KHUHIRUH WKH ILHOG ZLQGLQJ ZRXOG EH SRVVLEO\
XWLOL]HG WR HOLPLQDWH WKH UHJHQHUDWHG HQHUJ\ FDXVHG E\ WKH
8&*) SDUWLFXODUO\ DW WKH KLJK VSHHG IOX[ZHDNHQLQJ
RSHUDWLRQUHJLRQ
7KH IDXOWSURWHFWLRQFRQWURO VWUDWHJ\ IRU WKH+('660LV
VKRZQLQ)LJ,QQRUPDORSHUDWLRQDVGHILQHGLQ)LJD
WKHPD[LPXP ILHOG H[FLWDWLRQ FXUUHQW if,max LV HPSOR\HG LQ
ZKROH RSHUDWLQJ UHJLRQV LQ RUGHU WR DFKLHYH WKH PD[LPXP
WRUTXH 7KH d-D[LV FXUUHQW LV XWLOL]HG WR ZHDNHQ WKH IOX[
OLQNDJHLQIOX[ZHDNHQLQJRSHUDWLRQZKLOHWKHq-D[LVFXUUHQW
LV GHWHUPLQHG DFFRUGLQJ WR WKH VSHHG DQG ORDGWRUTXH DV
VKRZQ LQ )LJ E ,Q WKH 8&*) WKH '&OLQN FDSDFLWRU LV
UDSLGO\FKDUJHGE\WKHUHJHQHUDWHGFXUUHQWDQGUHVXOWVLQWKH
VHULRXVRYHUYROWDJH7KXV WKH'&OLQNYROWDJH LVPHDVXUHG
DQGXWLOL]HGWRDFWLYDWHWKHIDXOWRSHUDWLRQ3UDFWLFDOO\ZKHQ
WKH '&OLQN YROWDJH LV JUHDWHU RU HTXDO WR WKH SUHVHW
PD[LPXP'&OLQNYROWDJHVdcVdc,maxWKHILHOGH[FLWDWLRQ
FXUUHQWLVFRQWUROOHGWR]HURWRSURWHFWWKHGULYHV\VWHPif 
$VDUHVXOWWKHRYHUYROWDJHLVVXHGFRXOGEHVROYHGIRUWKH
+('660ZLWKWKHSURSRVHGFRQWUROVWUDWHJ\
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)LJ)DXOWSURWHFWLRQFRQWUROVWUDWHJ\D)LHOGH[FLWDWLRQFXUUHQWFRQWURO
E&RQWUROEORFNGLDJUDPRIWKH+('660
,9 9(5,),&$7,212))$8/73527(&7,21&$3$%,/,7<
7KHHIIHFWLYHQHVVRIWKHIDXOWSURWHFWLRQFRQWUROPHWKRGLV
YHULILHGE\ERWK VLPXODWLRQ UHVXOWV DQG H[SHULPHQWDO UHVXOWV
LQWKLVSDSHURQDVPDOOSURWRW\SH+('660 
A. Simulation Results 
7KH 6LPXOLQN#0$7/$% LV XWLOL]HG WR VLPXODWH WKH
8&*)FRQGLWLRQDQGYHULI\WKHIDXOWSURWHFWLRQFRQWURO7KH
'&OLQNYROWDJHLVVHWWR9ZKLOHWKHPDFKLQHUHIHUHQFH
VSHHG LV VHW WR  USP DV VKRZQ LQ 7DEOH ,, 7KH
PD[LPXP ILHOG H[FLWDWLRQ FXUUHQW LV  $ WR HQKDQFH WKH
IOX[OLQNDJH ,Q RUGHU WR GHWHFW WKH 8&*) WKH PD[LPXP
'&OLQN YROWDJH Vdc,max LV VHW WR  9 2WKHU VHWWLQJ
SDUDPHWHUVDUHSUHVHQWHGLQ7DEOH,,
7$%/(,, 
)$8/73527(&7,219(5,),&$7,216(783
5HIHUHQFHVSHHG USP
'&OLQNYROWDJHVdc 9
3UHVHWPD[LPXP'&OLQNYROWDJHVdc,max 9
0D[LPXPDUPDWXUHFXUUHQW $
0D[LPXPILHOGH[FLWDWLRQFXUUHQWif,max $
'&EXVFDSDFLWDQFH )
0RPHQWRILQHUWLD NJāP

7ZR ILHOG H[FLWDWLRQ FXUUHQW FRQWURO VWUDWHJLHV RI
+('660XQGHUWKH8&*)DUHFRPSDUHG
 0D[LPXP ILHOG H[FLWDWLRQ FXUUHQW LQ ZKROH UHJLRQV
if   $ WR VLPXODWH WKH FRQYHQWLRQDO 30 PDFKLQHV LQ
ZKLFK WKH H[FLWDWLRQ FDQQRW EH FKDQJHG ZKHQ 8&*)
KDSSHQV
0D[LPXPILHOGH[FLWDWLRQFXUUHQWLQQRUPDORSHUDWLRQ
DQG ]HUR ILHOG H[FLWDWLRQ FXUUHQWZKHQ8&*)GHWHFWHG if 

)LJV±VKRZWKHVLPXODWLRQUHVXOWVRIWKHVHWZRFRQWURO
VWUDWHJLHVIRU+('660
,Q QRUPDO RSHUDWLRQ PRGH )LJ D WKH +('660 LV
RSHUDWHG LQ WKH IOX[ZHDNHQLQJ UHJLRQ ZLWK WKH VSHHG DW
USP0HDQZKLOHWKHPD[LPXPILHOGH[FLWDWLRQFXUUHQW
LVXVHGWRHQKDQFHWKHWRUTXHRXWSXWDVVKRZQLQ)LJE
7KH DPSOLWXGHV RI OLQH EDFN(0) RI ERWK VWUDWHJLHV DUH DW
WKH VDPH OHYHO GXH WR WKH VDPH VSHHG DQG IOX[OLQNDJH DV
VKRZQLQ)LJFDQGGEHIRUHWKH8&*)
7KH8&*)LVVHWWRHPHUJHDWV,Q WKH8&*)PRGH
WKH PDFKLQH VSHHGV IRU ERWK VWUDWHJLHV DUH VLJQLILFDQWO\
GHFUHDVHG )LJ D ,W VKRXOG EH QRWHG WKDW WKH SURWRW\SH
PDFKLQHFDQFRDVWGRZQTXLFNO\GXHWRLWVVPDOOPRPHQWRI
LQHUWLD DV VKRZQ LQ )LJ D 7KH ORDG WRUTXH LV VHW DV D
FRQVWDQW YDOXH LQ WKH VLPXODWLRQ V\VWHP +HQFH WKH VSHHG
UHVSRQVHVVKRZLQDOLQHDUGURSZD\)LJD,WVKRXOGEH
HPSKDVL]HG WKDW WKHSURSRVHG8&*)SURWHFWLRQPHWKRG IRU
WKHGHYHORSHG+('660VWLOOZRUNVHYHQLIWKHVSHHGLVQRW
UHGXFHGVLQFHZLWKRXWILHOGH[FLWDWLRQWKHPDJQHWLFFLUFXLWLV
VKRUWFLUFXLWHGDQGFRQVHTXHQWO\WKHEDFNHPILVDOPRVW]HUR
DWDQ\VSHHG)RUWKHFRQWUROVWUDWHJ\XWLOL]LQJWKHPD[LPXP
ILHOG H[FLWDWLRQ FXUUHQW LQ WKH ZKROH UHJLRQ if   $ WKH
'&OLQN YROWDJH LV UDSLGO\ LQFUHDVHG E\ DURXQG  9
a DV VKRZQ LQ )LJ F 8QGHU WKLV FRQGLWLRQ WKH
'&OLQN FDSDFLWRU LV TXLFNO\ FKDUJHG E\ WKH UHJHQHUDWHG
FXUUHQWIURPWKHPDFKLQHZKLFKFRUUHVSRQGVWRWKHd-DQGq-
D[LVFXUUHQWYDULDWLRQVDVVKRZQLQ)LJD
:KHQWKH'&OLQNYROWDJHLVJUHDWHUWKDQRUHTXDOWR9
DV GHILQHG LQ 7DEOH ,, WKH 8&*) LV GHWHFWHG 7KH ILHOG
H[FLWDWLRQFXUUHQWLVWKHQFRQWUROOHGWR]HURif DVVKRZQ
LQ)LJE7KHOLQHEDFN(0)FDQEHYLVLEO\GHFUHDVHGDV
VKRZQ LQ )LJ G FRPSDUHG WR WKH UHVXOWV RI WKH VWUDWHJ\
WKDW XWLOL]HV WKH PD[LPXP ILHOG H[FLWDWLRQ FXUUHQW LQ ZKROH
UHJLRQVLQ)LJF7KHUHIRUHWKHUHJHQHUDWHGFXUUHQWRIWKH
+('660FDQEHVLJQLILFDQWO\UHGXFHGFRUUHVSRQGLQJWRWKH
d-D[LV DQG q-D[LV FXUUHQWV DV VKRZQ LQ )LJ E DQG F
UHVSHFWLYHO\ ,Q DGGLWLRQ WKH HIIHFWLYHQHVV RI WKH SURSRVHG
IDXOWSURWHFWLRQFRQWUROPHWKRGFDQEHFOHDUO\SURYHGE\WKH
SRZHUVWRUDJHRIWKHFDSDFLWRUDVVKRZQLQ)LJG6LQFH
WKHSRZHU VWRUDJH LQFDSDFLWRU LVSURSRUWLRQDO WR WKH VTXDUH
RI'&OLQNYROWDJHWKHUHIRUHWKHWUHQGRIWKLVSRZHUVWRUDJH
LQFDSDFLWRULVVLPLODUWRWKDWRI'&OLQNYROWDJHDVVKRZQLQ
)LJLHDSHDNRIWKHUHJHQHUDWLRQSRZHULVDOVRREVHUYHG
RQFH WKH 8&*) RFFXUV EXW LW FDQ EH TXLFNO\ UHGXFHG ZLWK
]HURILHOGH[FLWDWLRQFXUUHQWif  
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i*f  $LQZKROHUHJLRQV
if 
DIWHUIDXOW
G
)LJ  6LPXODWLRQ UHVXOWV FXUUHQWV DQG SRZHU VWRUDJH LQ FDSDFLWRU RI WKH
SURSRVHG IDXOW SURWHFWLRQ PHWKRG if   FRPSDUHG WR WKH PHWKRG WKDW
XWLOLVLQJWKHPD[LPXPILHOGH[FLWDWLRQFXUUHQWLQZKROHUHJLRQVif $
Dd- DQGq-D[LVFXUUHQWVif $Ed-DQGq-D[LVFXUUHQWVif DIWHU
8&*)F$UPDWXUHFXUUHQWG3RZHUVWRUDJHLQFDSDFLWRU
B. Experimental Results 
7KH SURWRW\SH +('660 DV VKRZQ LQ )LJ D LV
FRQWUROOHGE\ WKHYHFWRUFRQWUROZKLFK LV LPSOHPHQWHGRQD
G63$&(SODWIRUP7KHSURWRW\SHPDFKLQHLVFRQQHFWHGWRD
N:ZRXQG ILHOG W\SH'&PDFKLQHZKLFK LV XWLOL]HG WR
UHJXODWH WKH ORDGWRUTXH WKURXJK DQ H[WHUQDO UHVLVWDQFH WR
GLVVLSDWH WKH JHQHUDWHG SRZHU 7KH WKUHHSKDVH YROWDJH
VRXUFHLQYHUWHU96,LVXWLOL]HGZLWKWKH693:0WHFKQLTXH
ZKLOH WKH ILHOG H[FLWDWLRQ FXUUHQW LV UHJXODWHG E\ WKH VWHS
GRZQ '&'& FRQYHUWHU DV LOOXVWUDWHG LQ )LJ E 7R
LPSURYHWKHWUDFNLQJDFFXUDF\RIWKHILHOGH[FLWDWLRQFXUUHQW
WKH IHHGEDFN FXUUHQW FRQWURO ZLWK WKH SURSRUWLRQDO DQG
LQWHJUDO 3, UHJXODWRUV LV FRQVLGHUHG 7KH H[SHULPHQWDO
SODWIRUP LV VKRZQ LQ )LJ F 7KH H[SHULPHQWDO VHWXS
SDUDPHWHUVDUHGHILQHGLQ7DEOH,,7RJHQHUDWHWKH8&*)LQ
WKH H[SHULPHQW DOO VZLWFKLQJ JDWHVLJQDOV DUH VXGGHQO\
UHPRYHGDWWKHVSHHGRIUSP
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)LJ([SHULPHQWSODWIRUPD3URWRW\SH+('660E'&'&VWHS
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FRQYHUWHUF7HVWULJ
       






7LPHV
6S
HHG
US
P
i*f  $LQZKROHUHJLRQV
i*f  DIWHUIDXOW
8&*)DWW VHF
D
       






7LPHV
)LH
OG
H[F
LWD
WLR
QF
XUU
HQW
$

i*f   $LQZKROHUHJLRQV
i*f   DIWHUIDXOW
E
       





7LPHV
9R
OWD
JH
9


'&OLQNVHWWLQJ9
i*f  $VLPXODWLRQ
i*f  $H[SHULPHQW
i*f  DIWHUIDXOW
i*f   DIWHUIDXOW
F
       










7LPHV
/LQ
HY
ROW
DJH
9
DE
9 9
i*f   $LQZKROHUHJLRQV
i*f   DIWHUIDXOW
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)LJ([SHULPHQWDOUHVXOWVRIWKHSURSRVHGIDXOWSURWHFWLRQPHWKRGif FRPSDUHG WR WKH PHWKRG XWLOL]LQJ WKH PD[LPXP ILHOG H[FLWDWLRQ FXUUHQW LQ
ZKROHUHJLRQVif $D6SHHGE)LHOGH[FLWDWLRQFXUUHQWFRQWUROF'&OLQNYROWDJHG/LQHYROWDJH
)LJVVKRZWKHH[SHULPHQWDOUHVXOWVRIWKHSURSRVHG
IDXOW SURWHFWLRQ PHWKRG if   FRPSDUHG WR WKH PHWKRG
XWLOL]LQJ WKH PD[LPXP ILHOG H[FLWDWLRQ FXUUHQW LQ ZKROH
UHJLRQVif $7KHPHDVXUHGVSHHGDQGILHOGH[FLWDWLRQ
FXUUHQW DUH VKRZQ LQ )LJ DE UHVSHFWLYHO\ ,W LV
REYLRXV WKDW WKHVH UHVXOWV H[KLELW VLPLODU WUHQGV DV WKH
VLPXODWLRQ UHVXOWV 2Q WKH RWKHU KDQG WKH ILHOG H[FLWDWLRQ
FXUUHQW if $ LV XVHG LQ WKH FRQYHQWLRQDO PHWKRG ZKLFK
UHVXOWV LQ KLJKHU FRSSHU ORVV DQG FRUH ORVV 7KHUHIRUH WKH
VSHHG GURSV TXLFNO\ WKDQ WKH PHWKRG WKDW XWLOL]LQJ if  DV
LOOXVWUDWHGLQ)LJD0RUHRYHUVLQFHDSHUPDQHQWPDJQHW
'&PRWRULVPHFKDQLFDOO\FRXSOHGWRWKHSURWRW\SHPDFKLQH
DQGLVFRQQHFWHGZLWKDQDGMXVWDEOHSRZHUUHVLVWRUWRSURYLGH
WKH ORDG DV VKRZQ LQ )LJ F WKH ORDG WRUTXH LV
SURSRUWLRQDOWRWKHPDFKLQHVSHHG$WWKHVDPHWLPHWKHFRUH
ORVVLQKLJKVSHHGLVKLJKHUWKDQWKDWLQORZVSHHG7KHVHWZR
UHDVRQVPDNHVWKHVSHHGRIERWKPHWKRGVGURSPXFKTXLFNO\
LQKLJKVSHHGDVVKRZQLQ)LJD
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
E
)LJ0HDVXUHGUHJHQHUDWHGFXUUHQWDQGSRZHUVWRUDJHLQFDSDFLWRURIWKH
SURSRVHG IDXOW SURWHFWLRQ PHWKRG if   FRPSDUHG WR WKH PHWKRG WKDW
XWLOLVLQJWKHPD[LPXPILHOGH[FLWDWLRQFXUUHQWLQZKROHUHJLRQVif $
D5HJHQHUDWHGFXUUHQWE0HDVXUHGSRZHUVWRUDJHLQFDSDFLWRU
7KH8&*)KDSSHQVDWWKHLQVWDQWRIV8QGHUWKH8&*)
FRQGLWLRQVLQFHWKHIOX[GHQVLW\RIWKHPHWKRGWKDWXWLOL]LQJ
if $LVKLJKHUWKDQWKHPHWKRGWKDWXWLOL]LQJif GXHWR
WKHILHOGH[FLWDWLRQIOX[UHVXOWLQJLQWKHKLJKHUFRUHORVV>@
WKH VSHHG RI WKH PHWKRG WKDW XWLOL]LQJ if   $ LV IDOOLQJ
TXLFNO\WKDQWKHPHWKRGWKDWXWLOL]LQJif DVLOOXVWUDWHGLQ
)LJD
,W LV REYLRXV WKDW IRU WKH FRQWURO VWUDWHJ\ XWLOL]LQJ WKH
PD[LPXPILHOGH[FLWDWLRQFXUUHQWLQWKHZKROHUHJLRQif 
$ WKH PHDVXUHG '&OLQN YROWDJH LV VSHHGLO\ LQFUHDVHG E\
DURXQG9aDVVKRZQLQ)LJF0HDQZKLOH
WKH RYHUYROWDJH LQ WKH '&OLQN FDSDFLWRU FDQ EH HOLPLQDWHG
EDVHG RQ WKH SURSRVHG PHWKRG if   /LNHZLVH WKH
HIIHFWLYHQHVV RI WKH IDXOW SURWHFWLRQ FDSDELOLW\ RI WKH
+('660 FDQ EH FOHDUO\ SURYHG E\ WKH FRPSDULVRQ RI
PHDVXUHG OLQH YROWDJH Vab DV VKRZQ LQ )LJ G 7KH
UHJHQHUDWHG FXUUHQW DQG SRZHU VWRUDJH LQ WKH FDSDFLWRU DUH
VKRZQLQ)LJDEUHVSHFWLYHO\ 
,WVKRXOGEHQRWHGWKDWLQWKHSURSRVHGPHWKRGLWWDNHVD
VKRUW WLPH IRU WKH '&OLQN YROWDJH WR GURS EDFN WR QRUPDO
OHYHOV DIWHU WKH IDXOW )LJ F 7KLV LV EHFDXVH RI WKH
H[LVWHQFH RI WKH V\VWHP GHOD\ LQ WKH ILHOG FXUUHQW FRQWURO
ORRS ZKLFK PDNHV WKH VLPXODWLRQ UHVXOWV DQG H[SHULPHQWDO
UHVXOWVVOLJKWO\GLIIHUHQW1HYHUWKHOHVVLIWKHILHOGH[FLWDWLRQ
FLUFXLW FDQ EH UHPRYHG LQVWDQWDQHRXVO\ ZLWK WKH
HPSOR\PHQW RI DGGLWLRQDO KDUGZDUH FLUFXLW RQFH 8&*)
KDSSHQV D JRRG PDWFK FRXOG EH H[SHFWHG EHWZHHQ WKH
VLPXODWLRQDQGH[SHULPHQWDOUHVXOWV

9 &21&/86,21
7KLV SDSHU KDV GHVFULEHG WKH QRYHO IHDWXUHV RI D K\EULG
H[FLWHGGRXEO\VDOLHQWV\QFKURQRXVPDFKLQH+('660DQG
H[DPLQHG LWV IDXOW SURWHFWLRQ FDSDELOLW\ EDVHG RQ WKH ILHOG
H[FLWDWLRQ FXUUHQW FRQWURO VWUDWHJ\ XQGHU WKH 8&*)
FRQGLWLRQV 7KHVH UHVXOWV KDYH VKRZQ WKDW WKH GHYHORSHG
IDXOWWROHUDQW+('660FDQ FRQVLGHUDEO\ DOOHYLDWH WKH LVVXH
RI RYHUYROWDJH E\ XWLOL]LQJ ]HUR ILHOG H[FLWDWLRQ FXUUHQW
FRQWURO RU VLPSO\ UHPRYLQJ ILHOG H[FLWDWLRQ FLUFXLW LI
SRVVLEOH ZKHQ WKH 8&*) LV GHWHFWHG 7KH SURSRVHG IDXOW
SURWHFWLRQ FRQWURO VWUDWHJ\ IRU WKH +('660 LV VLPSOH WR
LPSOHPHQW DV RQO\ WKH ILHOG H[FLWDWLRQ FXUUHQW FRQWURO LV
XWLOL]HG DQG FDQ EH DOVR DSSOLHG WR RWKHU K\EULGH[FLWHG
PDFKLQHV ,W KDV FOHDUO\ GHPRQVWUDWHG WKDW LW LV YHU\
LPSRUWDQW WR FRQVLGHU ERWK WKH PDFKLQH PDJQHWLF FLUFXLW
GHVLJQ DQG WKH IDXOW FRQWURO LQ RUGHU WR PLWLJDWH WKH LVVXHV
ZLWK8&*)
,W VKRXOGEHSRLQWLQJRXW WKDWGXH WR WKHH[LVWHQFHRI WKH
ILHOG ZLQGLQJ DGGLWLRQDO FRSSHU ORVV LV LQWURGXFHG LQWR WKH
PDFKLQH DQG FRQVHTXHQWO\ WKH WRWDO ORVV LV LQFUHDVHG
FRPSDUHG WR WKH FRQYHQWLRQDO PDFKLQH ZKLFK KDV RQO\
DUPDWXUHZLQGLQJV6LQFHWKHUHDUHWZRW\SHVRIFXUUHQWVLH
ILHOG FXUUHQW DQG DUPDWXUH FXUUHQW ZKLFK FDQ EH XVHG WR
ZHDNHQ WKH IOX[OLQNDJH LQ WKH KLJK VSHHG UHJLRQ WKH
RSWLPDOYDOXHVRIILHOGFXUUHQWDQGDUPDWXUHFXUUHQWFRXOGEH
HPSOR\HG WR PLQLPL]H WKH WRWDO FRSSHU ORVV LQ WKH PDFKLQH
DQGWKHQLPSURYHWKHPDFKLQHHIILFLHQF\
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UHVSHFWLYHO\ DQG WKH 3K' GHJUHH LQ HOHFWULFDO
HQJLQHHULQJ IURP WKH 8QLYHUVLW\ RI 6KHIILHOG
6KHIILHOG 8. LQ  6LQFH  KH KDV
EHHQZLWKWKH8QLYHUVLW\RI6KHIILHOGZKHUHKH
LV FXUUHQWO\ WKH 5R\DO $FDGHP\ RI
(QJLQHHULQJ6LHPHQV5HVHDUFK&KDLUDQGLVWKH
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